abbreviationS ASA = American Society of Anesthesiologists; ASD = adult spinal deformity; BMI = body mass index; CCI = Charlson Comorbidity Index; EBL = estimated blood loss; HRQOL = health-related quality of life; LL = lumbar lordosis; PCS = Physical Component Summary; PI = pelvic incidence; PI-LL = mismatch between pelvic incidence and lumbar lordosis; PJK = proximal junctional kyphosis; PT = pelvic tilt; SRS = Scoliosis Research Society; SVA = sagittal vertical axis. obJective Although multiple reports have documented significant benefit from surgical treatment of adult spinal deformity (ASD), these procedures can have high complication rates. Previously reported complications rates associated with ASD surgery are limited by retrospective design, single-surgeon or single-center cohorts, lack of rigorous data on complications, and/or limited follow-up. Accurate definition of complications associated with ASD surgery is important and may serve as a resource for patient counseling and efforts to improve the safety of patient care. The authors conducted a study to prospectively assess the rates of complications associated with ASD surgery with a minimum 2-year follow-up based on a multicenter study design that incorporated standardized data-collection forms, on-site study coordinators, and regular auditing of data to help ensure complete and accurate reporting of complications. In addition, they report age stratification of complication rates and provide a general assessment of factors that may be associated with the occurrence of complications. methodS As part of a prospective, multicenter ASD database, standardized forms were used to collect data on surgery-related complications. On-site coordinators and central auditing helped ensure complete capture of complication data. Inclusion criteria were age older than 18 years, ASD, and plan for operative treatment. Complications were classified as perioperative (within 6 weeks of surgery) or delayed (between 6 weeks after surgery and time of last follow-up), and as minor or major. The primary focus for analyses was on patients who reached a minimum follow-up of 2 years. reSultS Of 346 patients who met the inclusion criteria, 291 (84%) had a minimum 2-year follow-up (mean 2.1 years); their mean age was 56.2 years. The vast majority (99%) had treatment including a posterior procedure, 25% had an anterior procedure, and 19% had a 3-column osteotomy. At least 1 revision was required in 82 patients (28.2%). A total of 270 perioperative complications (145 minor; 125 major) were reported, with 152 patients (52.2%) affected, and a total of 199 delayed complications (62 minor; 137 major) were reported, with 124 patients (42.6%) affected. Overall, 469 com- ©AANS, 2016 
I
t is well recognized that many developed countries, including the United States, are experiencing an unprecedented demographic shift toward an older population. As the ranks of the elderly grow, it will be increasingly important to appreciate and address their health care needs. Although the prevalence of adult spinal deformity (ASD) has been estimated to range from 2% to 32% in the general population, 7, 10, 21, 35, 38 its prevalence has been estimated to be as high as 68% among the elderly. 41 The finding of spinal deformity in many adults may be simply incidental and require only education and follow-up, but for many others, the condition may result in substantial pain and disability. 1, 11, 13, 47 Bess et al. recently underscored the health impact of ASD relative to normative and chronic disease values of the SF-36 Physical Component Summary (PCS score) in the United States. 3 They noted that the PCS values for the symptomatic ASD patients in their series were similar to values reported by patients with other chronic conditions, including diabetes, heart disease, and rheumatoid arthritis. In addition, patients with more severe forms of ASD demonstrated worse PCS values than those reported by patients with limited use of their arms and legs. Pellisé et al. have also recently assessed the impact of ASD on health-related quality of life (HRQOL) compared with other conditions, including arthritis, chronic lung disease, diabetes, and congestive heart failure. 34 They reported that surgical candidates with ASD had the worst HRQOL scores among the chronic conditions they assessed.
Although nonoperative treatments are often the firstline approach for symptomatic ASD, surgical treatment may be an option for patients who have unsatisfactory improvement. Multiple recent reports have demonstrated the potential of surgical treatment of ASD to provide significant improvement in pain, disability, and HRQOL. 5, 6, 25, 48, 49, [53] [54] [55] [56] [57] 60 However, these procedures are often complex and may be associated with high rates of complications. 4, 6, 14, 15, 17, 22, 39, 44, 45, [50] [51] [52] 55, 58, 61, 63 Previously reported studies of ASD surgery complications have been limited by retrospective design, single-surgeon or single-center cohorts, lack of rigorous data on complications, and/or limited follow-up. Improved understanding of the types of complications and their rates of occurrence with ASD surgery, both during the perioperative period and over the course of follow-up, is important for treatment planning, patient counseling, and ongoing efforts to improve the safety of care. In addition, more accurate documentation of the complications and rates of complications associated with ASD surgery is an important basis for future studies to define which complications may have impact on patient recovery or outcomes and to define the potential economic impact of specific complications from societal and payer perspectives. 18, 29, 33 Our objectives in the present study were to prospectively assess the rates of complications associated with ASD surgery with minimum 2-year follow-up based on a multicenter study design that incorporated standardized data-collection forms, on-site study coordinators, and regular auditing of data to help ensure complete and accurate reporting of complications. In addition, the present study provides age stratification of complication rates and provides a general assessment of factors that may be associated with the occurrence of complications.
methods patient population
Patients were enrolled into a database through an institutional review board-approved protocol at 11 sites across the United States. Database inclusion criteria were age older than 18 years and at least 1 of the following radiographic measures: scoliosis of 20° or more, sagittal vertical axis (SVA) of 5 cm or longer, pelvic tilt (PT) of 25° or more, and thoracic kyphosis of 60° or more. At the time of study enrollment, patients were classified into either operative or nonoperative treatment groups based on the initial management approach. For patients undergoing operative treatment, the procedural choice and instrumentation used, as well as the extent of surgery and operative objectives, were at the discretion of the operating surgeon. One of our a priori objectives in establishing this database was to review early and late complications among age groups, deformities, and surgical procedures. The present study focuses on operatively treated patients with a minimum 2-year follow-up after surgical treatment and is a multicenter, prospective assessment of consecutive ASD patients. Patients analyzed in the present study were those enrolled over the 4-year interval of August 2008 through August 2012.
A summary of complications for patients who were plications (207 minor; 262 major) were documented, with 203 patients (69.8%) affected. The most common complication categories included implant related, radiographic, neurological, operative, cardiopulmonary, and infection. Higher complication rates were associated with older age (p = 0.009), greater body mass index (p ≤ 0.031), increased comorbidities (p ≤ 0.007), previous spine fusion (p = 0.029), and 3-column osteotomies (p = 0.036). Cases in which 2-year follow-up was not achieved included 2 perioperative mortalities (pulmonary embolus and inferior vena cava injury). concluSionS This study provides an assessment of complications associated with ASD surgery based on a prospective, multicenter design and with a minimum 2-year follow-up. Although the overall complication rates were high, in interpreting these findings, it is important to recognize that not all complications are equally impactful. This study represents one of the most complete and detailed reports of perioperative and delayed complications associated with ASD surgery to date. These findings may prove useful for treatment planning, patient counseling, benchmarking of complicaeligible for, but did not achieve, 2-year follow-up is provided as a means of assessing confounding effects on reported types and rates of complications that may be introduced by patients lost to follow-up. Both early and delayed complications for the patients lost to follow-up are presented separately and are not included in the complications for the patient group that achieved a minimum 2-year follow-up.
data collection and radiographic assessment
Standardized data-collection forms were used to collect patient demographics, imaging studies, patients' comorbidities, and details of surgical procedures and complications. De-identified data collected from each site were sent to a single center where all the data sets were summarized and analyzed, and the complications reviewed. Complications were classified as perioperative or delayed, and as minor or major. Perioperative complications were those occurring within 6 weeks of surgery, and delayed complications were those occurring between 6 weeks after surgery and the time of last follow-up. A complication was classified as major if it substantially prolonged hospitalization, involved an invasive intervention, had prolonged or permanent morbidity, or resulted in death. For example, implant prominence or a painful implant that did not require revision was classified as minor, whereas a revision procedure was classified as major. Any complication associated with the need for reoperation was considered major. Perioperative complications that occurred with reoperations were also included in the present study. Cases of rod fracture were classified as major, regardless of whether the patient had undergone revision for the rod fracture at the time of data extraction. Although a small subset of rod fractures may follow a relatively benign course, our experience has been that the distinct majority ultimately need a revision procedure. Although it could be argued to attempt to split these into minor versus major, given that CT imaging was not available for all cases to more clearly assess fusion status, it was decided to err on the side of upgrading these to the major category.
For the complication category "anemia/excessive blood loss," we classified patients having an estimated blood loss (EBL) greater than 4 L as a major complication, and classified patients reported to have an acute blood-loss anemia in the setting of an EBL that did not exceed 4 L as having a minor complication.
Although there remains controversy regarding whether some adverse events should be considered true complications (e.g., CSF leak in the setting of revision surgery or proximal junctional kyphosis [PJK] in the absence of clinical symptoms), we chose to err on the side of inclusion.
Full-length, free-standing anteroposterior and lateral spine radiographs were obtained at the following specified time intervals: preoperative, 6 weeks postoperatively (a window of 1-7 weeks), 1 year postoperatively (a window of 10-14 months), and 2-years postoperative (24-30 months). Radiographs were analyzed using validated software (Spineview; ENSAM Laboratory of Biomechanics). 8 
results patient population
Of 346 patients who met inclusion criteria, 291 (84%) achieved a minimum 2-year follow-up (mean 2.1 years) and these patients were the primary focus of subsequent analyses. Demographic and operative parameters for these 291 patients are summarized in Table 1 . The mean age was 56.2 years (SD 15.2 years), and the distribution of patients by age group was as follows: 18-44 years, 19.2%; 45-64 years, 48.1%; and 65-86 years, 32.6%. Older patients had greater body mass index (BMI; p < 0.001), higher Charlson Comorbidity Index (CCI; p < 0.001), higher American Society of Anesthesiologists (ASA; p < 0.001) score, higher incidence of previous spine surgery (p < 0.001), and lower incidence of current smoking (p = 0.001) ( Table 1) . Almost all patients (99%) underwent a posterior procedure, with a mean of 11.1 (SD = 4.5) operated vertebral levels. An anterior procedure was performed in 25.4% of patients, with a mean of 3.1 (SD 1.3) operated vertebral levels. Osteotomies were performed in the majority of patients (64.3%), and older patients had a trend toward greater need for pedicle subtraction osteotomy (p = 0.053) ( Table 1) . Older patients were also more likely to require a decompression (p < 0.001) and had greater operative time (p < 0.001), EBL (p = 0.006), and hospital length of stay (p = 0.001) ( Table 1) . Figure 1 summarizes the distribution of deformities based on the SRS-Schwab Adult Spinal Deformity Classification. Coronal curve classifications were similarly distributed across the L, D, and N types, with a lesser representation of the T type. Abnormal PT, SVA, and PI-LL modifiers were present in 63%, 55%, and 56% of patients, respectively.
For the 55 patients who did not reach the minimum 2-year follow-up, the mean follow-up duration was 0.57 years, with 7 patients having no follow-up available following discharge, 19 patients having no follow-up beyond 6 weeks, and 29 patients having no follow-up beyond 1 year. These patients did not differ significantly those who reached the 2-year follow-up mark with regard to baseline demographic and operative parameters. Patients with and without 2-year follow-up had similar mean age (56.2 vs 59.4 years, respectively; p = 0.16), percentage of women (83% vs 74%, respectively; p = 0.12), percentage with prior spine surgery (46% vs 47%, respectively; p = 0.88), percentage of current smokers (9% vs 16%, respectively; p = 0.19), baseline BMI (27.3 vs 27.6, respectively; p = 0.76), baseline CCI (1.43 vs 1.53, respectively; p = 0.67), and baseline ASA score (2.3 vs 2.4, respectively; p = 0.19). Patients with and without a minimum 2-year follow-up were also similar with regard to deformity types and severities based on the SRS-Schwab curve type descriptor (p = 0.32), PT modifier (p = 0.19), SVA modifier (p = 0.67), and PI-LL modifier (p = 0.19). Table 2 summarizes the perioperative and delayed complications by general category among the 291 patients with minimum 2-year follow-up. During the follow-up interval, a total of 82 patients (28.2%) patients required 1 or more reoperation. These reoperations were associated with 38 additional perioperative complications (16 minor; 22 major), and these complications are included in Table  2 . A total of 270 perioperative complications (145 minor; 125 major) were reported, with a mean number of complications per patient of 0.93 and 52.2% of patients affected by at least 1 perioperative complication. A total of 199 delayed complications were reported, including 62 minor and 137 major. The mean number of delayed complications per patient was 0.68, and 42.6% of patients had 1 or more delayed complications. Overall, 469 complications were reported (207 minor; 262 major), with a mean number of complications per patient of 1.61 and 69.8% of patients experiencing at least 1 complication at some point during the perioperative time or minimum 2-year followup. Figure 2 summarizes the distribution of patients based on the numbers of minor and major complications that occurred. The most common complications occurring by category were implant-related, radiographic, neurological, operative, cardiopulmonary, and infection ( Table 2) .
perioperative and delayed complications by general category
The reported perioperative and delayed complications for the 55 patients who did not reach 2-year follow-up are summarized in Table 3 . The mean numbers of total, minor, and major perioperative complications per patient did not differ significantly between those who did and did not achieve a minimum 2-year follow-up (p = 0.65, 0.68, and 0.79, respectively). The percentage of patients affected by 1 or more perioperative complications was also not significantly different among these groups (p = 0.14). As expected, the mean numbers of total, minor, and major delayed complications per patient were significantly lower for those who did not reach a minimum 2-year follow-up compared with those who did (p < 0.001, p = 0.014 and 0.002, respectively). The percentage of patients affected by 1 or more delayed complications was significantly lower for those without a minimum 2-year follow-up (21.8% vs 40.5%). Although the overall mean number of complications per patient was significantly lower for those without a minimum 2-year follow-up (1.11 vs 1.61; p < 0.001), there appeared to be less clustering of complications, since the 2 groups had similar numbers of patients affected by 1 or more complications overall (70.9% vs 69.8%; p = 1.00) (Tables 2 and 3 ).
mortality
Among the 55 patients who did not achieve 2-year follow-up, there were 2 perioperative deaths, 1 due to pulmonary embolism and 1 due to intraoperative inferior vena cava injury (Table 3) . Thus, the perioperative (within 6 weeks of surgery) mortality rate among the 339 patients with at least 6 weeks of follow-up was 0.6% (approximately 1 per 170). Also in these 55 patients, there were 2 additional deaths, which were not thought to be related to the surgical procedure: 1 case of myocardial infarction and 1 case of aplastic anemia that occurred at approximately 1.9 and 1.6 years following surgery, respectively.
perioperative and delayed complications by Subtype
Tables 4-7 provide summaries of the subtypes of reported complications for the most common complication categories from Table 2 . The most common implant and radiographic complications were rod breakage and PJK, respectively (Table 4) . Although rod breakage is often presumed to reflect pseudarthrosis, we chose to report the two separately. Patients who presented with a rod breakage were reported as having a rod breakage complication and not necessarily as also having pseudarthrosis (although this may be presumed for the vast majority of the cases). The reporting of pseudarthrosis as a complication was based on radiographic review. Of note, 4 of the 39 patients who presented with a rod fracture had been previously reported as having a radiographic pseudarthrosis. The most common neurological complications were radiculopathy and motor and sensory deficits (Table 5) . Anemia/excessive blood loss and dural tear were the most common operative complications, and pleural effusion was the most common cardiopulmonary complication (Table 6 ). Deep wound infections and wound dehiscence were the most common infection and wound complications (excluding infection), respectively ( Table 7) . The most common gastrointestinal complication was postoperative ileus, accounting for 22 (88%) of the complications in this category ( Table 2) .
assessment of Factors associated with complication occurrence
Factors assessed for association with the occurrence of complications are summarized in Table 8 . Patients affect- Table 8) .
Compared with younger patients, a significantly greater proportion of older patients experienced at least 1 complication in the perioperative and/or follow-up time period (p = 0.009) (Fig. 3) . While there was no significant difference in the percentages of patients affected by 1 or more minor complication based on age (p = 0.61), older patients were significantly more likely to experience 1 or more major complications in the perioperative and/or follow-up time period (p = 0.009) (Fig. 3) . Patients at least 45 years of age had a significantly greater mean number of overall complications (p = 0.034) and had a significantly greater mean number of delayed complications (p = 0.010) compared with patients younger than 45 years of age (Fig. 4) . The mean number of major complications was significantly higher for the oldest patient group compared with the youngest (1.08 vs 0.57; p = 0.024) (Fig. 4) .
discussion
This study provides an assessment of the complications associated with surgery for ASD based on a prospective, multicenter design with a minimum 2-year follow-up. Standardized data-collection forms, on-site study coordinators, and regular central auditing helped ensure the completeness of complication-data collection. Previous studies that have reported complications for ASD surgery have been limited by many factors, including retrospective design, inclusion of cases from only a single surgeon or single center, inclusion of only short-term complications, limited or poor patient follow-up, and lack of a meticulous or focused effort on recording of complications. 6, 14, 17, 22, 30, 39, 47, 51, 52, 55, 58 The present study was designed in an attempt to overcome these limitations, and, in doing so, has provided likely the most complete and detailed reporting of perioperative and delayed ASD surgery complications to date. The findings may prove useful for treatment planning, patient counseling, benchmarking of complication rates, and efforts to improve the safety of patient care. In addition, these findings may prove useful as a basis for future studies designed to assess the clinical and cost impact of complications. 28, 29, 33 Reflective of the length of follow-up and study design, the numbers and rates of complications identified in the present study are substantially higher than those of previous reports. Overall, a total of 469 complications (207 minor and 262 major) at a minimum of 2 years of followup were identified, and 69.8% of patients were affected by 1 or more complications. In interpreting these findings, it is important to recognize that not all complications are equally impactful 14 and that many, if not most, likely have minimal or no effect on ultimate patient outcome. However, it is also important to recognize that some of the complications that do not impact long-term outcome may have impact on length of hospital stay, need for invasive procedures (including reoperation), and the rates at which patients recover. 26, 40 In addition, from a societal and payer cost perspective, some complications may increase cost without significantly impacting ultimate patient outcome. Furthermore, some adverse events are so common that they may be accepted as part of the procedure and perhaps should not be termed "complications"; for example, the occurrence of a CSF leak during a revision procedure in a patient with a pseudomeningocele.
Perhaps the greatest value that comes from documenting and assessing the complications associated with a surgical procedure is the ability to develop techniques and approaches to reduce the occurrence of specific complications. The most common complications in the present study, accounting for 88% of the total complications, were concentrated in 1 of 6 complication categories: implant, radiographic, neurological, operative, cardiopulmonary, A-P = anterior-posterior. * A perioperative complication is defined as one occurring within 6 weeks of surgery and a delayed complication as one occurring more than 6 weeks to a minimum of 2 years after surgery. † Boldface type indicates statistical significance.
and infection (Table 2) . Even since the time of initiation of enrollment for the present study, advances have been made by our group and others to help reduce the occurrence of complications in these categories, and it is likely that the rates of many of the reported complications are currently lower, based on these advances. There are several examples of these improvements. Implant-related complications accounted for 26% of all major complications, and the most common implant-related complication by far was rod breakage. Already this complication has been reduced through recognition of the risk factors for its occurrence and through pioneering efforts of Gupta and colleagues in developing multi-rod construct strategies (M. Gupta et al., unpublished data, 2015) . 19, 52, 59, 62 Radiographic complications accounted for 20% of all major complications, and the most common radiographic complication by far was development of PJK. Substantial progress has been made in defining optimal radiographic alignment parameters to help reduce the risk for this complication 2,16,23,27,43 and a classification has been developed to better appreciate factors associated with the need for revision surgery. 24 Operative complications accounted for 13% of all major complications, and the most common operative complication was anemia/excessive blood loss. Multiple studies have demonstrated the potential effectiveness of intraoperative antifibrinolytic therapy in significantly reducing blood loss (A. Soroceanu et al., unpublished data). 9, 36, 65 In addition, a recently published application of rotational thromboelastometry-guided blood product management to major spine procedures suggests that this technology may aid in reducing blood loss, blood product use, and cost. 31 Infections accounted for 9% of all major complications, and deep wound infection was the most common infection. Multiple publications have advanced the use of intrawound vancomycin powder as a potentially effective means of reducing deep wound infections. 20, 64 It is well recognized that older patients face greater risk for complications with ASD surgery. 22, 49, 55, 66, 67 The present study confirms this observation and provides potentially useful benchmarking data for expected complication rates based on patient age. While the rate of overall minor complications was similar across all 3 age groups assessed, the rate of major complications was progressively greater from the young to the middle-age to the elderly patient groups, suggesting that the elderly may be most vulnerable to the more serious complications. Other risk factors for complication occurrence identified in the present study included greater BMI, worse comorbidities, previous spine fusion, and need for 3-column osteotomy. Many of these have also been suggested in previous reports. 4, 12, 39, 45, 46, [50] [51] [52] 55, 58, 59 Minimum 2-year follow-up was achieved in 84% of patients in the present study, which is comparable to previous reports of outcomes for ASD surgery. 6, [53] [54] [55] Of the 55 patients who did not achieve 2-year follow-up, there were 4 deaths: 2 in the perioperative period and 2 thought to not be related to the surgical procedure. Reasons for the remaining 51 patients to not complete 2-year follow-up are unknown. To determine whether a primary reason for lack of follow-up may be due to the occurrence of complications, we have provided separate assessment of the perioperative and delayed complications in this patient group. The types and overall rates of perioperative complications were similar between those who did and did not achieve 2-year follow-up, and there did not appear to be an inordinate number or representation of particularly severe delayed complications in the patients lost to follow-up. Thus, it does not appear that that occurrence of complications is a primary factor for lack of patient follow-up.
Strengths of the present study include the prospective multicenter design, use of standardized data-collection sheets, presence of on-site study coordinators, regular auditing of data, and the length of follow-up. Limitations of the present study include the limited ability to detect some occult complications. For example, since many sites do not obtain routine CT imaging at follow-up, assessment of complications such as medial screw breaches and pseudarthrosis was limited to the clinically significant cases.
Reported medial screw breaches were those that were significant enough to prompt exploration and/or revision. The reporting of painful implant complications was based on patient evaluation by the surgeon and is limited by the lack of specific assessment of symptoms following reoperation. Since a common hematocrit level below which the patient was diagnosed with acute blood-loss anemia was not established, the resulting incidence of this complication is likely an underestimate. Reported pseudarthrosis complications were primarily those in which there was instrumentation failure and/or evidence of frank nonunion on plain radiographs. In addition, in the present study, we do not provide assessment of complication impact on patient outcomes, as this is beyond the scope of the present study and will be the subject of future efforts.
conclusions
This study provides an assessment of the complications associated with ASD surgery based on a prospective, multicenter design with a minimum 2-year follow-up. Among 291 patients, 270 perioperative complications (145 minor; 125 major) were documented, and 52.2% of patients were affected by 1 or more of these complications. A total of 199 delayed complications were reported (62 minor; 137 major), and 42.6% of patients had 1 or more of these complications. The most common complications were implant related, radiographic, neurological, operative, cardiopulmonary, and infection. To our knowledge, this study represents 1 of the most complete and detailed reports of perioperative and delayed ASD surgery complications to date. These findings may prove useful for treatment planning, patient counseling, benchmarking of complication rates, and efforts to improve the safety of patient care. 
